E lectromotive-force measurements of cells without liquid junction that contained hydrogen and silver-silver-chloride electrodes and a lkaline p-phenolsulfonate buffers with added salts of differeJlt valence types were mape from 0° to 60° C. The 63 buffer solutions studied were prepare d by the partial neutralization of potassium p-phenolsulfonate with sodium hydroxide, and each contained approximately equal molal amounts of potassium p-phenolsulfonate and of potassium sodium p-phenolate sulfonate. These solutions were classified into fiv e series on the basis of the kind of added salt and the ratio, R, of its molality to the molality of each buffer salt, a s follows: Potassium nitrate, R = 1 i sodium sulfate, R = li sodium sulfate, R = 0.5i barium chloride, R = 0.5i trisodium citrate, R = 0.33. All the bu'fIers, with the exception of t h e series to which barium chloride was added, likewise contained sodium chloride, R= 1. The ionic strengths of the solutions varied from 0.05 to 0.8.
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Addition of a neutral salt to a buffer solution composed of the primary and secondary salts of a weak dibasic or polybasic acid normally r esults in an increase in the acidity of the solution. Inadequate knowledge of the activity coefficients in mixtures of electrolytes and of their role in the behavior of a system in homogeneous equilibrium however, often makes it impossible to predict quantitatively the effect of salt on the pH.
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The pH of a buffer composed of potassium p-phenolsulfonate (KHPs) and of potassium sodium p-phenolate sulfonate (KNaPs) can be expressed by the mass-law equation in logaSalt Effects on Activity Coefficients II. Method rithmic form, with the appropriate activity coefficients, as follows: pH = pK -log (mHPS/mpS) -log (jHPs/f ps), (1) where pK is the negative of the common logarithm of the dissociation constant of the phenol group of p-phenolsulfonic acid on the molal scale, m represents molality (moles/1,OOO g of water), and f is the activity coefficient on the corresponding scale. It is evident that the change of pH with addition of neutral salt to a phenolsul£onate buffer must result largely from changes in the activity coefficients of the two anions of the buffer.
The change in pH when salt is added to the buffer solution is called the total salt effect. If provision is made for the effect of hydrolysis upon the molal r atio (second term on the right of eq 1) , and the molalities of the components of the buffer remain unaltered, ehe change of the last term of eq 1 upon addition of salt measures the total salt effect.
It may reasonably be supposed that the change of the activity-coefficient term when the ionic strength of the solution changes at constant buffer ratio as a r esult of a variation in buffer concentration alone can be expressed by an equation such as the following:
I flIPs -~A -if; + (3 (2) og fps -l+Ba-!p-fJ., where A and B are constants of the Debye-H uckel equation, fJ. is the ionic strength, and a and (3 are parameters characteristic of the mixture of ions. The values of a and {3 evidently control the rate of change of log (fups!fps) with ionic strength and, hence the tots,l salt effect. When neutral salt is , added to a buffer solution, the character of the variation of the activity-coefficient term with ionic strength may be unaffected. On the other hand, a and (3 may change as a result of interactions of the buffer ions with those of the salt, and the variation with ionic strength will then be different.
The total salt effect, therefore, can be of two types. The effect of salt addition is of the first type when the change of pH produced is the same as would normally result from an increase in ionic strength of the buffer alone, without the introduction of foreign ions or molecules. Thus, the pH of the mixture of buffer and salt will be the same as that of a more concentrated bufler of the same 252 ionic strength and buffer ratio, without added salt. In other words, the rate of change of the activitycoefficient term with ionic strength remains unaltered when a neutral salt is substituted for an amount of buffer mixture which contributes the same increment to the ionic strength.
The second type of salt effect is the result of specific or abnormal interactions among the. ions of the mixture. In the extreme case, these interactions may alter not only the activity coefficients of t.he buffer ions but their concentrations as well. Polar compounds, polymers, or complex ions may even be formed . These effect.s cause the activitycoefficient term t.o change in an abnormal manner with changing ionic strength. As a result, t.he pH of the buft'er with salt differs from that of a pure buffer solution of the same ionic strength and buffer ratio.
In most cases, the effect of salt is probably of the more general second type. Furthermore, the term log (jHPslips) at constant ionic strength may reasonably be . expected to vary linearly with composition of the solution. When t.he kin ds of ions added are similar to those of the bLlffer, however, it is possible that they will alter the activity-coefficient term by the same amount as would the buffer ions, added in like quantity. A salt effect of the second typ e may, of course, appear to be of the first type when the amount of salt. added is small compared with the ionic strength of the buffer itself.
The problem of determining salt effects on the phenolsulfonate buffer is resolved into a determina,tion of the changes in the activity coefficients on addition of salt. Unfortunately, the ratio of the activity coefficients of the primary and secondary anions, fHPs/fps, cannot readily be measured. In this investigation, the character of the salt effect of potassium nitrate, sodium sulfate, and trisodium citrate on the activity coefficients of these ions was studied by evaluating the activitycoefficient term, fHPs/el/Jps, in buffered solutions of sodium chloride with and without one of the three neutral salts. In order that t.he observed effect might represent as closely as possible the influence of the salt on the buffer ions alone, the activity-coefficient t erm was evaluated in the limit of zero sodium chloride from 0° to 35° C.
Electromotive-force measurements at 0° to 60° C were made with buffer mixtures composed of sodium chloride and approximately equal molal amount.s of potassium p-phenolsulfonate and potassium sodium p -phenola te sulfonate without added salt, and for similar buffers which contained potassium nitrate, sodium sulfate, or trisodium citrate. One series contained barium chloride instead of sodium chloride. The effects of the three alkali salts of different valence types on the activity coefficients were found to be approximately the same when the added salt made up one-fifth of the total ionic strength. The emf data for these buffer solutions with added salt, together with those for the series of buffers that contained chloride, confirm the values for the second dissociation constant of p-phenolsulfonic acid found in an earlier study [1) .1 ' Figures in brackets indicate the literature references at the end of tbL, paper.
II. Method of Evaluating the Effect of Salts on the Activity Coefficients
Electromotive-force measurements of cells of the type Pt-H21 KHPs(m l) ; KNaPs(m2); NaCI(m3);
were made at intervals of 5 degrees from 0° to 60° C. The chemical changes that result from drawing a fini te current from this cell are given by the complete cell reaction,
for which the standard free energy change, -I::.Fo*,
where EO* is the potential of the hypothetical cell of type I, in which each of the components has an activity of unity; K* is the thermodynamic equilibrium constant for eq 3; and R, T, and F are the gas constant, the absolute temperature, and the faraday. The total r eaction in the cell may be written in two parts. The first of these is the electrode reaction, 1/2H2+AgCl=Ag+H++CI-; -1::.F';= E oF, (5) where EO is the standard po tential of the cell, H 2[HCI[AgCI-Ag, and the other is a homogeneous equilibrium that involves the hydrogen ion formed by the electrode reaction, namely, the equilibrium between the primary and secondary anions of phenolsulfonic acid, HPs-= H++Ps=; -1::.F'; = RTln K.
The constant K in eq 6 is the thermodynamic second dissociation constant for the acid. It has been determined by Bates, Siegel, and Acree [1] Salt Effects on Activity Coefficients
Over the range of temperatures from 0° to 60° C. From eq 4, 5, and 6 it is evident that
where pK is the negative of the common logarithm of K. Values of EO at 0° to 60° C have been recalculated by Hamer, Burton, and Acree [2] from the emf data of Harned and Ehlers [3] . The relation between emf, E, and the molalities and activity coefficien ts of the reactants and products of the cell reaction is (8) where Ie is written for 2.3026 RT/F. The activitycoefficient t erm in the equilibrium constant for reaction 3 can be computed from the emf by eq 8. By observing the behavior of the emf and, through it, the activity-coefficient term when neutral salts of different valence types are added to the buffered chloride solutions, information can be gained regarding the nature of the effect of added salt on the three ions involved in the cell reaction.
In solutions that contained neutral salts, as in buffered chloride solutions without added salts [4] (9) derived from the Debye-Huckel theory. Inasmuch as a confirmation of the value of pK was desired, a* and ,8* were evaluated as before [1] from the graphs used to derive this constant by extrapolation of the values of pJ{', the negative logarithm of the "apparent" dissociation constant, to an ionic strength of zero.
pK' is rlefined through a combination of eq 7, 8, and 9: pK'=pK-{3*J.l. E-Eo +log mHPSmCI+ k mpB 2A~ l+Ba*...jJ.l.· (10) In the range of temperatures from 0° to 35° 0, a * and {3* were also determined for phenolsulfonate buffers with and without neutral salt at several different concentrations of sodium chloride. The values of these parameters were plotted as a function of mNacd /1-, the fractional contribution of sodium chloride to the ionic strength, and the corresponding values, a 0 and {30, in the absence of sodium chloride were obtained by extrapolation. The value of the activity-coefficient term in the limit of zero sodium chlorjde,j~, is defined by
It is impossible to compute the change of pH upon addition of salt to the buffer solution from the measured change inj; without recourse to an arbitrary assumption regarding the relative magnitudes of the individual activity coefficients. The parameters a 0 and {30 might, for example, be identified with a and {3 of eq 2, or a relation such as 10g.lCI = -(1/3) log (fHPslfps) , based upon valence effects in very dilute solutions, be introduced. The influence of neutral salt on log j~ should, however, approximate in character the salt effect on the buffer anions alone. From these results, therefore, an estimate could be made of (a) the magnitude of the change in the activity-coefficient term of eq 1 when small concentrations of salt are added to the buffer and (b) whether salts of different types produce markedly different effects on the pH, apart from their different contributions to the ionic strength.
III. Experimental Procedures and Results
The buffer solutions were made by the weight dilution of stock solutions that were prepared in quantities of two liters each from weighed amounts of potassium p-phenolsulfonate and a standard solution of carbonate-free sodium hydroxide. Each stock solution, with the exception of the one to which barium chloride was added, also contained both sodium chloride and one of the three neutral salts 2 chosen for study. The specific conductance of the water was in most cases about 0.5XlO-6 mho.
The potassium phenolsulfonate analyzed 100.10 percent by titration with alkali. The sodium chloride was part of the same fused sample used in earlier work on phenolsulfonate buffers [1, 4] . It was found by titration with acid to contain 0.007 percent by weight of free alkali. This amount of impurity changes the emf of the cell by less than 0.01 mv and can safely be ignored. Description of the equipment, methods of preparing the electrodes, and other experimental details have been given elsewhere [1, 5] .
The emf data for cell I are given in the sections to follow. In each of the 63 buffers, ml and m2 were approximately equal. When sodium chloride
• A neutral salt is considered here to be one that has no appreciable buffer capacity at pH 8.4 to 9.2. Inasmnch as hydrogen and silver-silver-chloride electrodes were used, chlorides, bromides, iOdides, sulfides, and substances readily reduced by hydrogen in alkaline solution were excluded.
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was present, its molality was usually nearly the same as that of each buffer salt, except in series F, where the ratio of chloride to buffer was varied. The ratio, R, of m4 to ml was approximately unity for solutions that contained potassium nitrate, 1 and 0.5 for sodium sulfate, and 0.33 for trisodium citrate. Sodium chloride was absent from series D, and barium chloride (R=0.5) was present.
The combined experimental errors in the compositions of the solutions and in the emf measurements, together with the errors in the values of the natural constants and the standard potential, are thought not to exceed 0.18 mv at any temperature. The uncertainty from these sources amounts to 0.003 in the activity-coefficient term of eq 9 or eq 11.
Buffers With Added PotassiuIll Nitrate
Potassium nitrate of reagent quality was recrystallized once from water and dried to constant weight at 110 0 C. Preliminary experiments showed that satisfactory results could be obtained with the hydrogen electrode in solutions that contained nitrate ion in moderate concentration in a phenol sulfonate buffer at a pH of 8.8. The hydrogen electrodes in solutions containing 0.06-to O.l-m potassium nitrate, however, oc-casionally gave erratic potentials and bad to be replaced. No larger differences between the initial and final emf at 25° C were found, however, with nitrates than with other salts, and the dilute solutions were satisfactory in every respect. The emf results for 1:1 buffers with added potassium nitrate are g' iven in table 1 . m, 
Buffers with added sodium sulfate
Sodium sulfate, of the grade designated "for nitrogen determination", was recrystallized twice from water. The water of hydration was removed by drying the salt in a vacuum oven at temperature up to 100° C and at 130° C under atmospheric pressure. Two ratios of anhydrous sodium sulfate to buffer were studied. The buffers of series B contained approximately equal molal amounts of sodium sulfate and of each buffer salt, whereas the five solutions in series C contained one-half as much added salt as buffer. The emf values at 0° to 60° C are given in table 2.
Buffers with Added Barium Chloride
Measurements were made of one series of phenolsulfonate buffers in which barium chloride was substituted for sodium chloride. The method outlined earlier in this paper obviously cannot serve to determine the salt effect of barium chloride on the properties of the buffer anions alone, for it is impossible to obtain the activity-coefficient term at zero ratio of chloride to buffer and maintain, at the same time, a constant ratio of buffer to l),dded salt. A series of measurements of solutions containing barium chloride was considered desirable, however, to aid in determining pK as accurately as possible. Barium chloride, of reagent grade, was purified by recrystallization from water, powdered, and dried at 125 0 C. The emf data for phenolsulfonate buffers with added barium chloride are given in table 3. 
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Buffers with added trisodiulll citrate
In the search for a neutral salt that would yield trivalent ions, trisodium citrate was chosen. A preparation of the salt, of reagent grade, was crystallized from water and dried to constant weight at 130 0 C.
The pH change when small amounts of sodium hydroxide were added to a O.05-m solution of trisodium citrate was determined with the use of thymol blue. The pH was found to increase from 8. . 
----------------
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IV. Second Dissociation Constant of p-Phenolsulfonic Acid
Values of pK, the negative of the common logarithm of the second dissociation constant (that of the phenol group) of p-phenolsulfonic acid were derived from the measurements of the solutions in series A, B, C, D, and E by the method described in an earlier section. Figure 1 is a plot of the values of pK' at 25° C as a function of ionic strength for all five series. In table 6, the values of a * that gave the best straight line for extrapola- Salt Efl'ects on Activity Coefficients tion and of f3*, the negative of the slope of this line, are listed for each series at each of the 13 temperatures. The value of mOR required for the hydrolysis correction was obtained conveniently from the emf data without the usual successive approximations by the relation [1] : log moR= (E-EO)/k+log mCI-pKw, (12) where pKw is the negative logarithm of the ionizat ion constant of water. When moa was needed for buffers other than those for which emf data were available, it was computed from the approximation (13)
Vah1es of Kw /K at 0° to 60° 0 are tabula,ted in the earlier paper [1] . Use of this approximate expression for mOR introduces an error of about 0.002 unit in the pH of the 0.005-m phenolsulfonate buffer at 60° O . The error decreases rapidly as the temperature is lowered or the concentration of buffer is increased. The ionic strength, j.L, and buffer ratio, maps/mpa, are r eadily computed, with the aid of moa, by the equations j. L =ml+3m2+m3+nm4-mOR (14) and maps/mpS=(ml+moa)/(m2-moa).
The added salts were assumed to be completely ionized. 3 A value of pK was computed from the emf measurement of each buffer solution at each temperature by eq 10 with the aid of a* and f3* obtained by graphical means. The summary of pK (table 7) demonstrates the essential agree-L ment between the mean of the results of this investigation at each temperature with pK reported earlier [1] . The mean difference is less than 0.001 unit. At the higher temperatures, however, the deviations of each series from the mean are occasionally as large as 0.002 or 0.003. In general, the solutions containing potassium nitrate or barium chloride were found to yield lower values of pK than did those to which sodium sulfate or trisodium citrate had been added. In view of the acceptable agreement between the two measurements of pK, no recalculation of the thermodynamic constants for the dissociation of phenolsulfonate ion was made.
Values of EO* computed by eq 7 are given in the last column of the table. 
v. Effect of Neutral Salts on the Activity Coefficients
With the aid of a* and fJ* from table 6, a calculation of log (fHP.!Cl!JP.) was made by eq 9, in order to compare the values of this term at several ionic strengths and at temperatures of 0°, 25°, and 60° C. The results are shown in table 8 , where data for phenolsulfonate-chloride 301u-tions without added salt are also given. For the latter, a* is 8.0, and fJ* at 0°, 25°, and 60° C has the values -0.079, -0.057, and -0.038 [4] .
The change of the activity-coefficient term with the addition of neutral salt when the ionic strength remains tmaltered is small, particularly at 25° C and higher temperatures} In these concentrations, therefore, the added salts probably effect no large change in the electrostatic character of the buffer medium. The small effect of salt is evident in figure 2 , where the activity-coefficient term and (E-EO)/k+log(mHP.mCl/mp.) are plotted as a function of the square root of the ionic strength.
Buffer Solutions Without Added Salt
A determination ef the effect of a changing ratio of sodium chloride on a* and fJ* was reported earlier [4] . As in the present work, the 1: 1 phenolsulfonate buffer was studied by means of emf measurements at 0° to 60° C. The value of ------,------, -----, --- a* was found to be 8.0 A at all temperatures and to be substantially unchanged when the molal ratio of sodium chloride to each buffer salt was reduced from unity to one-tenth. The paramet er f3* was negative and changed in a regular manner as the temperature was increased. Figure 3 shows the change of {3* with the ratio of sodium chloride to buffer salt. The limiting values, {30, are given in table 9. The value of aO is 8.0 A at each temperature. -.048 
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Buffer Solutions With Added Salt
The interdependence of a* and f3* is noteworthy. 5 It is ordinarily difficult, in view of the normal experimental error of a series of points, to establish the correct value of a* within 0.1 to 0.2 A by choice of the value that yields the b est straight line. An errol' of this magnitUde in a * is, fortunately, offset almost completely by a compensatory change in f3*. For example, if 8.2 A were chosen for a*, instead of 8.0 A, in the mixtures with varying amounts of sodium chloride but without added neutral salt, the plot of f3* at 25 ° C with respect to the fractional contribution of sodium chloride to the ionic strength would follow the dashed line of figure 3 , and f30 would be assigned a value of -0.056 instead of -0.066.
With the use of a °=8.2 and {30= -0.056, log f:
for the 0.1-m buffer (ionic strength of 0.4) calculated from eq 11 would be 0.2157 instead of 0.2154 at 25° C, and at an ionic strength of 0.01, the difference would be 0.0006.
Advantage was taken of this agreement in , Van Rysselbergh e and Eisenberg [7] and Robinson and Harned [8] have suggested modifications of the Huckel equation, in which a single parameter expresses successfully the activity coefficient of the alkali halides and hydro. gen halides up to concentrations of 1 to 4 m. determining the limiting parameters for buffers that contained neutral salt in the absence of sodium chloride. For the complete analysis of the data of series F given in table 5, it was not necessary to have an independent measure of a* for each ratio of sodium chloride to buffer and neutral salt. Such a determination wouldrequire the study of several dilutions of each mixture of series F. Instead, a * for the appropriate mixture of buffer and salt was selected from table 6, pK' was computed for each solution at each temperature, and {3* was evaluated from the relation, {3*= (pK-pK')/J.I..
Plots of {3* as a function of mNaCI/ J.I. were constructed, and {30, the intercept for zero concentration of sodium chloride, was found. Five experimental points determined the extrapolation for solutions that contained sodium sulfate, whereas measurements that represented four different ratios of sodium chloride to buffer were available for solutions with potassium nitrate and trisodium citrate. The limiting parameters for the mixtures containing neutral salt are given in table 9, together with those for the 1: 1 buffer without added salt. The data for solutions with varying contents of sodium chloride did not extend above It is now possible, with eq 11 and the constants given in table 9, to compute log f~ for 1:1 phenolsulfonate buffers that contain potassium nitrate or sodium sulfate LTl molalities equal to that of each buffer salt, or trisodium citrate in one-third the molality of the buffer. Furthermore, the value of this activity-coefficient term is likewise known for the same buffer in the absence of salt. The change which results from adding a single definite amount of each of three n eutral salts of different valence types to a 1: 1 phenolsulfonate buffer has therefore been determined, but the effect of other concentrations of salt, larger or smaller than this one, is still unknown. Inasmuch as the effect on the pH of relatively small amoun ts of salt is of most concern in the preparation and use of a ccu-260 rate pH standards, the molality of neutral salt used in this study never exceeded the molality of each buffer salt. The changes produced in aO and {30 by adding sufficient neutral salt to in crease the ionic strength 25 to 75 percent above that of the buffer alone is not large, aud the effects produced by smaller amounts would be difficult to detect without a refinement of the experinlental method.
In the solutions for which aO and {30 listed in table 9 were determined, the added neutral salt contributed different amounts to the ionic strength. These amounts were one-fifth for potassium nitrate, three-sevenths for sodium sulfate, and on0-third for trisodium citrate. In order to obtain the activity-coefficient term for mixtures in which the added salt contributed the same fraction of the ionic strength in each instance, the measured changes were reduced, as necessary, to place them 
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on a common basis, in direct proportion to the fractional contribution of the salt to the ionic strength. The largest of the measured salt effects was 0.018, found when sodium sulfate (R=l) was present at 0° C and an ionic strength of 0.5. In view of the relatively small effects involved, this procedure for computing the effect of amounts of salt smaller than those actually used was considered justifiable. 6 A comparison of log i ; for solutions in which the added salt makes up onefifth of the total ionic strength is given in table 10. No specific effects larger than the uncertainty of measurement are apparent in the data of table 10 . The effectiveness of salts of the 1-1, 1-2, and 1-3 valence types at equal ionic strengths in altering the activity coefficient s is nearly the same, and no marked abnormal influence of the increased ionic charge is evident. Furthermore, the salt effect of each of the three salts is no larger , By analogy with mixtures of strong electrolytes, log HI. at a given ionic strength is expected to vary in an approximately linear manncr with change of composition, provided t hat the contri bution of the salt to thc ionic strength of the mixture is plotted. For a review of this topic, see chapter 15 of the monograph by Harned and Owen [9J. than the combined uncertain ties inherent in the determination 01 {30 and in the experimental measurements, or 0.006 at an ionic strength of 0.5. Changes larger than the estimated limits of error are found, as expected, for mixtures in which sodium sulfate and trisodium ci, trate contribute more than one-fifth of the ionic strength.
If, indeed, the change of log i n. with addition of neutral salt approximates in character the behavior of log (fHPsl.fps), it can be concluded thu,t the effect of neutral salts in moderate concentrations on the pH of phsnolsulfonate buffer solutions is governed primarily by the increase in ion ic strength and not by the specific nature of th e salt itself. When the added salt makes up onefifth or less of the ionic strength, the pH of the solution is close to that of a solution of the pure buffer of the same total ionic strength . 7 7 Evidently t he elIect of salts OD the negative of the common logarithm of the activity of hydrogcn ion will be quite different from the change pro· dueed in -log mH or -log CH, often considered to measure tbe salt etrect on tbe pH (sce, for example, refcrence 10). In general, addition of salt to a d ilute solution of a weak acid causes mn to increase andjH to decrease. Hence, t be product of these two quantities, thc activity, may change less than docs tbe concentration alone.
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